This paper focuses on the use of a stochastic rector model in order to account for temperature inhomogeneities in the numerical simulation of the HCCI combustion. Moreover, the chemical kinetic code has been coupled to GT -Power Code, a 1-D fluiddynamics code, in order to accurately simulate the operation of a turbocharged truck engine.
INTRODUCTION
Experimentally it has been demonstrated that even in HCCI engine the charge within the cylinder is not fully homogeneous, but many quantities, such as temperature, density and equivalence ratio, vary along the combustion chamber. These inhomogeneities influence the combustion process and yield the homogeneous reactor model to be not completely adequate to simulate HCCI combustion.
Homogeneous
Charge Compression Ignition combustion has become very attractive for the development of new generation engines as a consequence of its high thermal efficiency and mostly of its low nitrogen oxides and particulates. Therefore many studies focus on the assessment of the behavior of such kind of combustion and on its applications on automotive and truck engines [9 -21] . The accurate knowledge of the combustion process is fundamental in developing HCCI engines, since ignition occurs only as a function of the chemical and thermodynamic conditions in the cylinder and it is not determined by an external device as the spark plug in the S.I. engines or the fuel injection in the C.I. engines. Because of this, the control is evidently one of the most critical task in HCCI operation engines, on which many research centers and automotive manufacturers are now working.
As a consequence of the speed of the chemical processes many studies address the chemical kinetic as the most important issue in determining ignition, moreover the mixture inside the combustion chamber is usually assumed as homogeneous due to the long time available for the mixing between the fuel and the oxidizer. Anyway it has been recently shown that in cylinder turbulence influence on ignition event is not negligible and that in combustion chamber inhomogeneities in terms of temperature distribution, density and composition have a significant importance in predicting the emissions.
Numerical simulation provides a useful tool for the analysis of both the chemical kinetic underlying HCCI combustion and different engine control strategies An existing Stochastic Reactor Model (SRM) based on the presumed PDF approach was employed in this work in order to investigate the influence of charge inhomogeneities both on the combustion process and on the engine performances. This tool has been implemented in Ignition Code, a detailed chemical kinetic code developed at the Lund Institute of Technology, Lund, Sweden.
An initial temperature distribution of the fresh charge and a different wall heat transfer rate have been accounted in order to address their effects on combustion process. The numerically results have been compared both to the experimental data and to the calculations made by means of the homogeneous reactor model.
On the basis of the previous paper at reference [6] , this version of Ignition Code has been linked to the one dimensional fluid -dynamics GT-Power Code, licensed by Gamma Technologies, Inc. . The link between them has been built by the authors' written interface, which employs the standard GT-Power user objects. No special GT-Power features are therefore required.
By means of this tool it was possible to address both the global engine performance parameters, such as Indicated Mean Effective Pressure, Brake Specific Fuel Consumption, turbocharger speed and efficiency, and the combustion parameters, such as ignition delay, combustion duration, emissions. Thus, the mutual influences of the engine behavior and combustion process can be investigated.
The results shown in this paper refer to experimental measurements performed on a direct injection, turbocharged, diesel truck engine, which has been converted to homogeneous charge compression ignition operation.
NUMERICAL MODEL

ENGINE DATA
The engine used for the analysis is a 12 -liter inline 6 cylinder direct injection turbocharged SCANIA diesel engine. It is a serial manufactured engine that has been converted to HCCI combustion operation. In Table I the main engine parameters are described.
The engine has 4 valves per cylinder with the two intake ports characterized by different geometries: the first one goes straight into the cylinder in order to have low fluid-dynamic losses; the second is designed with a helicoidal shape to enhance the swirl coefficient. The original injection system has been replaced by a lowpressure sequential system for port injection of gasoline. One injector for each intake port has been installed; thus different fuel mixtures could be tested and individually adjusted for each cylinder from a controlling computer [21] . An electrical heater has been placed between the compressor and the inlet manifold, in order to vary engine inlet temperature.
Different turbocharger groups have been tested to have boost pressure even with the low exhaust temperature characterizing HCCI combustion operation. However for the cases mentioned in this paper no boost pressure has been considered, even though no wastegate was employed. Therefore, the influence of the turbocharger on the results has been neglected.
Both pistons and cylinder head were in their original configuration, and no other engine parameters or devices have been modified.
The engine numerical model is built by using GTPower, a computer -aided engineering code licensed by Gamma Technologies Inc., Westmont, IL. The code analyzes the dynamics of pressure waves, mass flows and energy losses in ducts, plenum and intake and exhaust manifolds of the engine. It also provides a fully integrated treatment of time -dependent fluid dynamics and thermodynamics by means of a one -dimensional finite difference formulation, incorporating a general thermodynamic treatment of working fluids (air, airhydrocarbon mixtures, products of combustion) [1 -5] . A comprehensive description of the engine numerical model can be found in reference [6] when S is the number of chemical species. The corresponding joint scalar mass density function (MDF) is given by T F S , ,..., The 1-D and kinetic models interact at every time step, making it possible to address the mutual influence of the engine fluid-dynamic phenomena and the combustion processes. Thus it is possible to determine the combustion parameters, such as ignition crank angle degree, duration, exhaust gas temperature and emissions, as a function of the global engine parameters (i.e. load, boost pressure, inlet temperature, fuel, octane number, EGR, turbocharger).
where the initial conditions are
The brackets . denote the mean according to and F C . The interface between the fluid -dynamics and chemical codes has been developed in order to account for inhomogeneities of the in cylinder charge. The homogeneous reactor model used in [6] is able to accurately predict ignition timing and is suitable for different fuels and operating conditions. However, it cannot take local inhomogeneities in the combustion chamber into account, and neglects the effect of a thermal boundary layer along the cylinder wall and the micro-mixing phenomena.
The term describes the change of the MDF due to chemical reactions, change in volume and heat losses and is given by:
Here, the assumption of homogeneity within the combustion chamber is replaced by one of statistical homogeneity, with physical quantities being described by a probability density function (PDF) which does not vary within the cylinder spatially. Thus the Partially Stirred Plug Flow Reactor (PaSPFR) has been employed replacing the classic PFR. The unclosed term for turbulent micromixing is accounted by means of the IEM (Interaction by Exchange with the Mean) mixing model [7, 8] .
where is the heat transfer coefficient obtained from the Woschni correlation. The first particle has the temperature of the liner and the subsequent particles have a decreasing value up to the fresh charge temperature. In the second zone the particles have a constant initial value set equal to the engine inlet temperature. Moreover the two zone differ for the law used to evaluate the heat transfer between the in cylinder gases and the wall. In both cases the Woschni correlation has been employed [22] , but a different multiplier was introduced in order to enhance the cooling effect for the near wall particles. In fact this multiplier was set equal to unity for the bulk zone, while for the boundary layer particles it has been calculated according to an exponential law (see Fig. 2 ).
where T and M are the mean temperature and expected mean molecular weight according to the MDF.
The detailed kinetic mechanism used for the simulation of the ignition process contains 141 species and 1405 reactions The H 2 -O 2 -CO-CO 2 chemistry was taken from Yetter et al. [23] . The formaldehyde chemistry, known to be sensitive in the ignition of higher hydrocarbon fuels, has been described in a previous publication [24] . The methyl and methane chemistry is under publication. These parts of the chemistry are important, since they are responsible for a large portion of the heat release. The C 2 -C 5 chemistry mostly originates from Warnatz [25] and Baulch et al. [26, 27] . The C 6 -C 8 chemistry was developed according to a method developed by Curran et al. [28] . BOUNDARY LAYER TREATMENT The stochastic reactor model made it possible to set an initial temperature distribution of the charge inside the combustion chamber and a different cooling strategy for the particles.
A boundary layer treatment has been forced in order to asses the combustion behavior in case of inhomogeneities in terms of in cylinder temperature and heat transfer rate.
Figure 2: Woschni correlation multiplier (particle Nr. 1 is the closest to the wall and particle Nr. 51 represents the bulk zone) The total number of particles has been subdivided into two groups: the first being representative of the bulk zone of the cylinder and the second of the boundary zone. The particles of each zone have been set with a different temperature distribution at Inlet Valve Closing, in order to simulate the heating effect of the wall on the fresh charge. Figure 1 shows the initial temperature as a function of the distance from the wall.
Finally in order to estimate the heat transfer relating to each particle a reference temperature has been calculated weightening the wall temperature and the mean temperature of the adjacent particles. Thus, the reference temperature of the ith particle has been defined as: 
RESULTS
NUMERICAL ENGINE MODEL VALIDATION
The interface between the 1 -D fluid dynamics code and the stochastic reactor model has been tested by means of the comparison with experimental data measured at the dynamometer bench. Table II shows the operating conditions of the test.
Only in cylinder nr. 1 the heat release has been evaluated by means of the detailed kinetic and then it has been used for all the other cylinders. During the measurements considered in this paper no external EGR has been employed, nevertheless a certain amount of residual gases is trapped into the cylinder at inlet valves closure. The percentage of the internal EGR can be estimated in approximately 5 -6%. Thus the mixture at IVC passed from GT-Power to Ignition Code takes the residual gas amount into account by varying properly the mass fractions of the different fresh charge components. For all the numerical simulations, the first 29 engine cycles are performed with only the GT-Power code, and then 5 other complete cycles are evaluated by using both the fluid-dynamic and kinetic codes. This methodology assures that the flow field within the engine and the turbocharger reach a stable condition [6] .
For the stochastic reactor model 51 particles were used, assigning 1 particle to the bulk zone and 50 particles to the boundary layer. Accordingly to relating studies [31] , the overall mass of the boundary layer particles was set equal to the 20 per cent of the total in cylinder mass and the initial temperature distribution described in Figure 1 was employed to simulate the heating effect of the liner wall on the fresh charge. The cooling of these particles was estimated by using the strategy explained in the previous paragraph. Whereas the mass of the particle representing the core zone of the combustion chamber was set equal to the 80 per cent of the total one and its initial temperature was the one calculated by GT-Power Code for the inducted charge. In order to evaluate the heat loss of the core the standard Woschni correlation was considered without using any additional multiplier, furthermore it was assumed that the heat exchange was possible only with the adjacent particle (i.e. particle nr. 50). Figures 3 -14 show the results obtained by the numerical simulation and the comparison to the experimental measurements carried out at the dynamometer bench. The numerically evaluated in cylinder pressure profile matches accurately the experimental curve (Fig. 3) . The ignition crank angle degree is well predicted, even tough a slight difference can be seen in terms of pressure rate during the rapid combustion of the bulk zone. The measured pressure trend is characterized by a smoother slope than the calculated one. A better result could be obtained assigning an higher amount of mass to the boundary layer during the combustion event, when the burning gases expand and compress the near wall zone. For this paper it has been chosen not to vary the mass relating to the near wall zone.
In Figure 3 the results of the stochastic approach are moreover compared to the ones provided by the homogeneous reactor model. No remarkable difference has been noticed when considering the ignition crank angle degree, while the homogeneous model overpredicts the pressure peak and the pressure profile during the expansion stroke. This behavior is due to a different heat release rate, which is significantly larger in the homogeneous case during the first stage of combustion. In the stochastic model the heat is released more progressively, as a consequence of the different ignition times of the particles. Figure 4 shows the in cylinder pressure traces for several particles. Because of the higher cooling effect, the ignition crank angle increases when considering particles closer to the liner, and no ignition occurs for the near wall ones. As a consequence of this behavior the fuel is not burnt completely and the combustion efficiency is lower than unity, as it was in the homogeneous model. The results provided by the simulation is 0.967 versus an experimental combustion efficiency of 0.95.
By means of the stochastic reactor model is therefore possible to evaluate the products due to partial combustion and to asses the engine emissions. Figure 5 shows the main pollutants for an HCCI combustion engine.
Figure 3:
Comparison between experimental and calculated pressure values near firing top dead center and calculated normalized heat release The coupled simulation of the 1 -D fluid -dynamics code and detailed kinetic code using the PDF approach is able to estimate the amount CO and HC and NO x .
The agreement between the experimental measurements and the calculated values is satisfying. The accuracy of CO and HC prediction can not be obtained by using the homogeneous reactor since it is not possible to account for colder zones where the fuel does not burn completely.
In order to asses the influence of the particles' number on the numerical results a sensitivity analysis has been carried out. The analysis accounted for 11, 51 and 101 particles, and in every calculation one particle represented the bulk zone and the remaining ones the boundary layer. The same above mentioned boundary layer treatment was applied. When considering compression and expansion strokes no significant difference was found as well as for the ignition crank angle, whereas the pressure rate during burning of the bulk is considerably sensitive to the number of particles.
Comparing the 11 particles case to the 51 particles, the slope of the pressure after ignition is larger for the former. This gap becomes very slight if considering the calculations with 51 and 101 particles. In terms of engine emissions no remarkable difference was noticed among the three simulations. The calculated amounts of CO, HC and NO x are very close to each other (see Fig. 7) .
Evidently the computational time needed to run the simulation with an increasing number of particle is much longer. To perform the calculation with 11 particles approximately 30 minutes were necessary on a Pentium III 1 GHz, while for the 51 and 101 particles cases roughly 180 and 450 minutes were needed respectively. Because of the better fitting in cylinder pressure trace and the still reasonable computational time the case with 51 particles was considered as baseline.
Finally by means of the stochastic approach the trend of the amount of the emissions as a function of the crank angle degree has been evaluated. Figure 8 shows the comparison between the homogeneous and stochastic reactors in terms of NO and NO 2 evaluation. The two numerical models provide different results both in terms of final amount and formation trend. In the homogeneous case the NO x emissions are due mostly to the NO, which is formed during the fast combustion and reacts no further since the temperature remains high accordingly to the pressure overprediction (see Fig. 3 ). Opposite trend can be seen by considering the stochastic reactor. The amount of NO 2 at exhaust valve opening is almost an order of magnitude larger than the NO one. The nitrogen monoxide is still This behavior matches the nitrogen oxides kinetic described as follows:
Furthermore NO x emissions have been investigated in subsequent coupled engine cycle (see Figures 9 -14) . In the analyzed engine no external EGR has been employed, nevertheless the numerical simulation can account for the trapped residual gases, thus the composition of the exhaust mixture influences the combustion process. 
OCTANE NUMBER VARIATION ANALYSIS
In the following several tests will be presented, in order to compare the experimental measurements and the numerical simulations when considering the effects of the variation of the octane number. In Table III the test engine operating conditions for the two analysis are outlined. As in the engine model validation, 51 particles were used in the stochastic reactor model and the above described boundary layer treatment was applied. In Figure 10 and 11 the comparison between the calculated and the experimental ignition crank angle degree is plotted. In Figure 10 the value obtained by using the homogeneous reactor model is plotted as well. In case of high octane number the stochastic approach turns to be more accurate, while a certain discrepancy can be observed at low ON for both models. No significant difference was expected between the two reactors in terms of ignition crank angle, since this is mostly determined by the chemical and thermodynamics condition of the bulk zone, which are very similar for the stochastic and homogeneous approaches.
Rpm 1500
Fuel Isooctane and N-Heptane Engine inlet temperature [K] 310
Engine inlet pressure [bar] 0.99
Octane number Varied In Figure 17 the calculated in cylinder temperature profiles are shown. It can be noticed that on the average the temperature in the cylinder is higher in case of lower octane numbers, thus a larger emission of NO x can be expected. This tool has been employed in simulating a 12 -liter in -line 6 cylinder turbocharged HCCI converted SCANIA engine. When comparing the numerical results to the experimental measurements the accuracy of the Moreover the formation of emissions has been investigated. The trends of the main engine pollutants have been plotted as a function of the engine crank angle degree. NO and NO 2 demonstrated to be more sensitive to the residual gas composition than carbon monoxides and unburnt hydrocarbons.
